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Small wounds (1.2 mm in diameter) made in the sheet of myoepithelial cells forming the “swimming” muscle of the
jellyfish, Polyorchis penicillatus, were closed within 10 h by epithelial cells migrating centripetally to the wound center.
Some 24 to 48 h later these cells redifferentiated into fully contractile muscle cells. Labeling with bromodeoxyuridine failed
to reveal any cell proliferation during this process. Phenotype switching (within 1 h) from contractile muscle cells to
migratory cells did not require synthesis of new protein as shown by treatment with 40 M cycloheximide. Excitation–
contraction coupling in undamaged muscle depended on entry of Ca2 through voltage-gated ion channels, as shown by a
lock of contractility by 40 M nitrendipine and also on calcium released from intracellular stores since caffeine (10 mM)
caused a 25% reduction in contractile force. In contrast, migratory cells did not require a source of extracellular calcium
since migration was unimpeded by low (1 M) free Ca2 or nitrendipine. Instead, modulatory calcium was derived from
ntracellular stores since caffeine (10 mM) and thapsigargin (10 M) slowed migration. This lack of dependence on calcium
nflux in migratory cells was further confirmed by a dramatic down-regulation in voltage-gated inward current as shown by
hole-cell patch recordings. © 2000 Academic Press
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pINTRODUCTION
It has been known for over a century that jellyfish are
capable of rapid wound healing without the formation of
visible scar tissue, even when such a differentiated tissue as
striated muscle is involved (Romanes, 1876, 1877, 1880).
More recently, striated muscle cells from hydrozoan jelly-
fish have been shown to be capable of migration and
trans-differentiation into neurons under specific conditions
(Schmid et al., 1976; Schmid, 1992; Schmid and Reber-
Muller, 1995). This led us to the supposition that scarless
wound healing might occur if striated muscle cells were
able to transform into migratory cells to cover the wound
and then redifferentiate into contractile muscle cells. It also
seemed likely that this kind of wound healing did not
require cell proliferation from stem cells and only involved
1 To whom correspondence should be addressed at the Bamfield
Marine Station, Bamfield, BC, Canada V0R 1B0. Fax: (250) 728-s3452. E-mail: aspencer@bms.bc.ca.
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All rights of reproduction in any form reserved.ne cell type which is very different from both skeletal and
ardiac muscle (Schaffer and Nanney, 1996; Witte and
arbul, 1997; Megeney et al., 1996; Schultz, 1996; Weber et
l., 1996a). If phenotype switching proved to be the mecha-
ism for wound healing in the jellyfish striated muscle
ayer then it would be interesting to examine the way
alcium regulates these two forms of cell motility. We
herefore developed a wounding procedure that allowed us
o follow both the process of wound healing and the
egulation of two forms of motility by calcium in the
ydrozoan jellyfish, Polyorchis penicillatus.
The striated muscle sheets of the hydromedusa Poly-
rchis are analogous to the skeletal muscles of vertebrates
ince they act against a skeletal element, the mesoglea or
elly, and are responsible for swimming. Analogies can also
e drawn to cardiac muscle of vertebrates as both the
ellyfish bell and the heart are fluid pumps (Frye, 1987).
ontraction of the “swimming” muscle of medusae is
hasic, unlike all other muscles in this animal. Indeed
wimming muscle is the only striated muscle known in
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88 Lin, Grigoriev, and Spencerthis phylum, the Cnidaria (Hyman, 1940). The rapid onset
of contraction was believed to be a consequence of the rapid
influx of Ca2 from the extracellular space via voltage-gated
calcium channels (Spencer and Satterlie, 1981). In this
study we wanted to see if this type of twitch motility also
required contribution from intracellular stores of Ca2,
hich could also act as local Ca2 sinks. This proved to be
he case. After muscle cells have dedifferentiated and lost
heir contractility to become migratory cells we were
nterested in knowing whether the source of calcium for
egulation of lamellipodial locomotion had also changed.
his was evaluated by examining the effects of a calcium
hannel blocker (nitrendipine) and of Ca2 store modulators
(caffeine and thapsigargin) on migration as well as the
efficacy of Ca2 entry through voltage-gated (Vg) ion chan-
nels using whole-cell patch recordings. We were able to
establish that migrating cells down-regulated Vg Ca2 chan-
nels and utilized intracellular Ca2 for regulation of motil-
ity. Other requirements for both phenotype switching and
migration were also determined, including protein synthe-
sis and actin polymerization.
MATERIALS AND METHODS
Medusae of P. penicillatus were collected from Bamfield Inlet or
achena Bay, near Bamfield, British Columbia, Canada, and held in
quaria with running seawater at 9–12°C.
Field Stimulation of Muscle Strips
Preliminary studies indicated that muscle strips from the sub-
umbrella (internal bell lining) and velum had similar pharmacolo-
gies. Due to the thickness and elastic property of mesoglea in the
bell region, recordings from muscle strips obtained from this region
were extremely variable and it was difficult to measure contractile
amplitude. Therefore, only muscle strips from vela were used in
this study. The vela of medusae, anesthetized in 1:1 isotonic MgCl2
(0.33 M) and artificial seawater (ASW), were excised so as to provide
continuous strips of maximal width. To avoid any contamination
by nervous tissue, each velar strip was bisected lengthwise into two
strips and only strips free from nerve-ring tissue were used in the
study. The free ends of each velar strip were pinned to the Sylgard
base of a 35-mm petri dish containing a pair of embedded Ag/AgCl2
stimulating electrodes connected to a Grass S44 stimulator. The
velar strip ran between the two stimulating electrodes and around
a small hook attached to an isometric force transducer (Kent
Scientific Corp.). Tension on the strip was adjusted using a micro-
manipulator so as to remove any slack in the preparation and to
maximize tension excursions. The threshold for contraction was
determined by increasing the stimulation voltage until a measur-
able contraction occurred. The frequency of stimulation was 0.2 Hz
with each square pulse having a duration of 30 ms. The rate of
perifusion was controlled by a peristaltic pump at 1.5 ml/min and
the perifusate was removed by a vacuum pump. All perifusion
solutions were kept at 12–14°C during experiments by running the
perifusion tubing through an ice bucket. The transduced tension
was recorded on a digital Dash-IV pen recorder (Astro-Med, Inc.).
The amplitude of contractile tension for each condition (control,
drug effect, and washed) was calculated by averaging 10 contrac-
tions from each preparation. i
Copyright © 2000 by Academic Press. All rightWounding Procedure
A radial bisection of the bell of medusae exposed the subumbrel-
lar striated muscle sheets and a Pasteur pipette was used to mark
an area 1.2 mm in diameter in each quadrant for cell removal. A
surgical blade was used to gently scrape away muscle cells within
the marked area. As many as three wounds could be created in each
jellyfish. Digital images of the wound-healing process were ac-
quired through a JVC CCD video camera mounted on a dissecting
microscope using SigmaScan image software (Jandel Scientific,
Inc.). The speed of migration was calculated by measuring move-
ment of the cell front at 3, 4, and 5 h after wounding. Jellyfish were
immersed in ASW, pH 7.5, at 10–12°C for all experiments.
Electron Microscopy and Laser Confocal
Microscopy
For transmission electron microscopy, jellyfish were fixed with
4% paraformaldehyde and 2% glutaraldehyde in phosphate-
buffered saline (pH 7.5) and postfixed with 1% osmium tetroxide
and processed as described previously (Spencer, 1979). For scanning
electron microscopy, jellyfish were fixed with 0.01% osmium
tetroxide in ASW, dehydrated, coated with gold, and examined
using a JEOL scanning electron microscope. For laser scanning
confocal microscopy, whole jellyfish were fixed with 4% parafor-
maldehyde in ASW and washed with PBS, and each quadrant with
a wound in the center was excised and double stained with
BODIPY FL phalloidin and propidium iodide (Molecular Probes,
Inc.).
Bromodeoxyuridine Labeling
Immediately after wounding, whole jellyfish were incubated in 1
mM bromodeoxyuridine (BrdU) in ASW (Plickert and Kroiher,
1988) for 72 h and the BrdU solution was exchanged every 24 h.
Following incubation specimens were fixed in 4% paraformalde-
hyde in ASW, acid treated, and then immunodetected following the
manufacturer’s protocol (Cell Proliferation Detecting Kit, Boehr-
inger Mannheim).
Requirement of Protein Synthesis during Wound
Healing
To test whether initiation of cell migration requires protein
synthesis whole jellyfish were treated with 40 M cycloheximide
h before wounding. Jellyfish were bisected, wounded as described
n the above section, and incubated in cycloheximide for another
h. At the end of the treatment, jellyfish were cut into quadrants
ith each wound at the center of each quadrant. Quadrants from
he same jellyfish were used for both actin staining and the
otassium depolarization experiments. The control for these ex-
eriments was ASW lacking cycloheximide.
To examine if functional recovery of contractility requires
rotein synthesis, jellyfish were wounded as described before and
ycloheximide was added at 6 h after wounding. Jellyfish were
ncubated in cycloheximide for 24 h at 12°C and then cut into
uadrants for actin staining and potassium depolarization experi-
ents. In experiments in which cycloheximide and actinomycin D
ere removed after treatment, jellyfish were thoroughly washed in
unning seawater and kept in separated beakers with running
eawater for a further 42 h. After this recovery period, jellyfish were
rocessed as described above. A diagram of the experimental design
s given in Fig. 7g.
s of reproduction in any form reserved.
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89Wound Healing and Cell Motility in Striated MusclePotassium Depolarization of Migrating Muscle
Cells and the Healed Region
Quadrants of jellyfish with wounds in their centers were pinned
to the Sylgard base of a 35-mm petri dish. Patch-clamp electrodes
filled with 100 mM KCl were attached by Tygon tubing to a 1-ml
plastic syringe. A micromanipulator was used to position the
electrode just above the wounded region (within approx 200 m)
nd a positive pressure applied to release a small amount of KCl
ocally. Slight negative pressure was applied before the electrode
as advanced toward the tissue surface to prevent KCl leaking
rematurely. Muscle contractions in response to the each KCl
ulse could be easily observed under the dissecting microscope. As
control, ASW was ejected, which never caused muscle contrac-
ion.
Cell Dissociation and Electrophysiology
The experiments to examine dye coupling and electrophysiology
in migrating cells were carried out on explants so as to reduce the
thickness of the mesoglea to allow the use of an inverted micro-
scope. Migrating cells were prepared by grafting a piece of jellyfish
muscle, which was isolated by mechanically stripping muscles off
mesoglea with a pair of sharp forceps without enzyme digestion,
onto a mesoglea-coated petri dish and gently pressing the graft with
a coverslip (Schmid and Bally, 1988). Mesoglea was prepared with
Ca2/Mg2-free seawater and then washed in distilled water (Free-
an, 1981). This sandwich was kept immersed in ASW at 12°C
efore recording. Recordings were made within 6–12 h after graft-
ng when muscle cells migrated onto the mesoglea and formed a
onolayer. Single-cell recordings were achieved by selectively
emoving unwanted cells. Dye coupling was evaluated by adding 1
M Lucifer yellow to the recording electrode solution and ionto-
horesing it with repetitive hyperpolarizing current injection.
ingle cells used for intact muscle cell recordings were obtained by
xcising the subumbrellar areas from the whole jellyfish and
igesting with 1 mg/ml Pronase (Boehringer Mannheim) in ASW at
0°C for 15–20 min. A high digestion temperature was chosen as it
as discovered that exposure to such temperatures retained the
hysiological phenotype of in situ cells in dissociates (Lin and
pencer, in preparation). Whole-cell, tight-seal recordings were
ade using borosilicate glass electrodes (TW-150-4; World Preci-
ion Instruments) which were pulled by a Sutter automatic puller,
ith resistances of 2–3 Mwhen filled with the electrode solution.
Recordings were made at room temperature with an Axopatch-1D
amplifier (Axon Instruments), low-pass filtered at 3 kHz using a
four-pole Bessel filter, and digitized using a Labmaster TL-125
acquisition board (Axon Instruments). Individual cells were viewed
under phase contrast with a Nikon Diaphot inverted microscope. A
piezo-electric driver (Burleigh) was used to manipulate the micro-
electrode onto the cell surface. Stimulus control, data acquisition,
and analysis were performed with pCLAMP 6.0 software (Axon
Instruments) on a Dell, IBM-compatible computer.
Leakage and capacitative currents were subtracted using -P/4 or
-P/5 protocols (pCLAMP 6.0), from a holding potential of 80 mV,
before test pulses eliciting active responses were applied. Series
resistance (R s) was compensated optimally to minimize voltage
errors (R s compensation was usually set to values 80%). Cm
(membrane capacitance) and R s were obtained by minimizing the
capacitative transient in response to a hyperpolarizing voltage step.
All experiments were carried out at room temperature (20–22°C).
Copyright © 2000 by Academic Press. All rightSolutions
All recording solutions were filtered through cellulose acetate
membrane cartridges with a 0.2-m pore size. Artificial seawater
(pH 7.5) contained NaCl 376 mM, Na2(SO4) 26 mM, MgCl2 41.4
mM, CaCl2 10 mM, KCl 8.5 mM, and Hepes (hemisodium salt) 10
mM. The bath solution (pH 7.5) contained MgCl2 40 mM, CaCl2 (or
aCl2 or SrCl2) 10 mM, KCl 15 mM, NMG-Cl 429 mM, Hepes-free
acid 10 mM. The electrode solution (pH 7.5) for total membrane
currents contained NaCl 50 mM, MgCl2 2 mM, CaCl2 1 mM,
ethyleneglycol-bis(-aminoethylether)-N,N,N,N-tetraacetic acid
1 mM, KCl 350 mM, KOH 30 mM, Hepes-free acid 10 mM. The
ath solution for recording was ASW. The electrode solution (pH
.5) contained NaCl 50 mM, MgCl2 2 mM, CaCl2 1 mM,
ethyleneglycol-bis (-aminoethylether)-N,N,N,N-tetraacetic acid
1 mM, KCl 350 mM, KOH 30 mM, Hepes-free acid 10 mM.
Caffeine was dissolved in ASW at 10 mM. Low-calcium ASW
as prepared by adding 2 mM 8-bromoBAPTA to ASW to create a
ree calcium concentration of 1 M. Stock solutions of nitrendipine
200 mM) and dihydrocytochalasin B (5 mg/ml) were prepared with
00% DMSO. Final concentration of DMSO remained below 0.2%
n all working solutions.
RESULTS AND DISCUSSION
Nature of the Ectoderm in a Diploblast
The Cnidaria have been generally described as having a
“tissue level” of construction (Hyman, 1940). Nevertheless,
because of their diploblastic organization, their epithelia
can vary from extremely simple to complex (Hyman, 1940),
with the epithelia acting as simple barriers or having
embedded multicellular organs. Hydromedusae such as
Polyorchis provide good examples of this range in complex-
ity in which the ectodermal epithelium varies in different
regions from a monolayer of pavement cells (Josephson and
Schwab, 1979) to a layer containing over 11 different cell
types (Hyman, 1940; Spencer, 1979). This complexity may
result in pseudostratification.
The organization of the striated muscle layer of hydrome-
dusae is adapted to provide an external, apical layer of
somata acting as an epithelial barrier together with a basal
muscular and contractile lamella. It is possible that there
was considerable selection pressure on diploblasts to form a
third muscular layer between the ectoderm and the
endoderm and that the “insinking” of ectodermal muscular
components (Horridge, 1968; Mackie, 1970) was the only
way of meeting this pressure given that the necessary
developmental sequences for formation of a true mesoderm
had not yet evolved.
Motility in Undamaged Muscle
The subumbrellar muscle sheets of the jellyfish P. peni-
illatus are formed by a layer of mononucleated, striated
uscle cells, about 10 m thick (Fig. 1a). These myoepi-
thelial cells are the only cell type present in the muscle
sheet, except for the extreme periphery where the muscle
sheets are innervated by motor processes (Lin et al., 2000).
s of reproduction in any form reserved.
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90 Lin, Grigoriev, and SpencerFIG. 1. Muscle contraction requires extracellular calcium. (a) TEM micrograph of striated muscle from the jellyfish P. penicillatus. M,
myofibers; N, nucleus; Mi, mitochondria; Me, mesoglea. Scale bar, 1 m. (b) Trace from force transducer of stimulated muscle contractions
and the inhibitory effect of addition of 40 M nitrendipine in ASW (closed arrow) and subsequent wash (open arrow). (c) The maximal
ontractile force generated with each contraction when treated with the drugs shown compared with the control in artificial seawater
ASW). The absence of contractions with nitrendipine and low-calcium seawater indicates a requirement for an external source of Ca2. The
amplitude of contractile tension for each condition (control, drug effect, and washed) was calculated by averaging 10 contractions from each
preparation. Note that 0.2% DMSO served as a carrier control for nitrendipine. Significant differences are indicated by asterisks (ANOVA
test followed by PLSD test, P  0.05). N  9 for each treatment group.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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91Wound Healing and Cell Motility in Striated MuscleMyoepithelial cells are polarized into an apical, somal
region and a basal region of muscle “feet” containing the
contractile myofibrillar apparatus (Singla, 1978; Spencer,
1979; and Fig. 1a). Muscle feet of neighboring cells inter-
digitate and are connected end-on by desmosomes. They
attach to the underlying mesoglea (jelly) by hemidesmo-
somes and are aligned concentrically so that when con-
FIG. 2. Diagram of a jellyfish to show the position of the wound a
radially to show the subumbrellar surface, revealing the four quad
(position indicated by the converging lines) was taken about 8 h
migrating cell front by an arrow. Note the circumferential strain fitracted they reduce the internal diameter of the bell cavity
Copyright © 2000 by Academic Press. All righto expel water out of the bell opening. Gap junctions are
resent between myoepithelial cells (Spencer, 1979) mostly
n the “neck” joining the somata to the “feet” but also on
the feet themselves (this study). These junctions provide
the electrical continuity required for myoid conduction
(Spencer and Satterlie, 1981; Satterlie and Spencer, 1983).
Despite its morphological polarization, jellyfish swimming
eneration of traction forces. This diagram represents a jellyfish cut
of striated muscle. The photo of a wound made in one quadrant,
wounding. The naked mesoglea is shown by an asterisk and the
s. Scale bar, 400 m.nd g
rants
aftermuscle has structural similarities to vertebrate cardiac
s of reproduction in any form reserved.
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92 Lin, Grigoriev, and Spencermuscle, such as striations, gap junctions, and desmosomal
connections. These similarities are presumably a result of
convergent evolution to create tissues adapted for repetitive
contraction of a fluid pump.
Swimming involves rhythmical, synchronous, and phasic
ontraction of all four muscle sheets making up the sub-
mbrellar surface with a 1:1 relationship between motor
ction potentials and muscle contractions (Spencer, 1982).
t is possible to mimic these phasic contractions using field
stimulation of isolated muscle strips and recording the
muscle tension produced by each contraction (Fig. 1b). We
were able to confirm previous studies (Spencer and Satter-
lie, 1981; Spencer, 1982; Satterlie and Spencer, 1983), which
suggested that muscle contraction requires the presence of
calcium in the surrounding medium. In this study we show
that this calcium enters through voltage-gated calcium
channels since nitrendipine at 40 M (L-type Ca2 channel
blocker) and low calcium (approx 1 M) caused complete
ut reversible contraction block (Fig. 1c). However, intra-
ellular calcium stores are also likely to be involved in
xcitation contraction coupling as caffeine (10 mM) caused
25% reduction in contractile force (Fig. 1c). Once again
uch of this physiology is reminiscent of that found in
ertebrate myocardium where contraction is rhythmical
nd excitation–contraction coupling involves influx of ex-
tracellular calcium through voltage-gated ion channels aug-
mented to varying degrees by calcium-induced calcium
release from intracellular stores (Bers, 1991). The calcium
released from intracellular stores may be either temporally
or spatially limited since application of caffeine alone did
not evoke muscle contraction (data not shown), which is
unlike some vertebrate skeletal muscle and cardiac muscles
in which caffeine can induce contraction (Bers, 1991).
Wound Healing and Cellular Motility
Despite the large amount of information regarding regen-
eration and morphogenesis in cnidarians, particularly in
Hydra (Hyman, 1940; Tardent, 1965; Gierer et al., 1972;
FIG. 3. Changes in cell morphology during the wound healing pr
cell from undamaged tissue. (b) SEM image of an undamaged musc
somata apparent and a deeper layer of attached contractile feet bei
ordered arrangement of striated myofibers stained by BODIPY-conju
(d) Drawing of a lamellipodia-bearing cell at the migratory front. (e)
showing ruffled lamellipodia at the leading edge. (f) Confocal imag
the wound margin. Myofibers lose their alignment and envelop th
fluorescent images of isolated migrating cells (4 h after woundi
lamellipodium and the nonfunctional myofibrillar apparatus wrapp
image of flattened migrating cells as the wound approaches closure
he contractile apparatus bundled around the nuclei. (m, n, and o) D
(18 h after wounding) as they begin to redifferentiate by rounding u
SEM image of a healed area 60 h after wounding showing that cel
showing that myofibers have reextended but they are not yet c
populations but they were fixed at the same time after wounding. Scal
Copyright © 2000 by Academic Press. All rightode et al., 1988; Shimizu et al., 1993; Shimizu and Su-
iyama, 1993), the cellular mechanism regulating the
ound-healing process is still not clear (Campbell and Bibb,
970; Bibb and Campbell, 1973; Campbell 1985).
Preliminary observations revealed that wound healing in
wimming muscle of Polyorchis involved global phenotype
ransformations in the wound region. To examine this
rocess we made circular wounds of about 1.2 mm in
iameter in the center of a swimming muscle sheet by
craping off the muscle sheet from the mesoglea (Fig. 2). We
hen allowed the animals to recover in artificial seawater,
nd over the next 96 h the healing process was monitored
sing several parallel techniques: light microscopy, SEM,
nd anti-actin labeling (Fig. 3).
Figure 3a illustrates an intact myoepithelial cell with two
uscle feet (there can be as many as four feet), containing
he contractile apparatus, projecting from the soma. Adja-
ent somata formed a homogeneous, hexagonally packed,
pithelial pavement facing the seawater (Fig. 3b). Interdigi-
ation of the muscle feet was sufficiently exact to form an
ninterrupted monolayer of muscle fibers which could be
isualized as parallel fiber arrays using phalloidin labeling
f the actin filaments (Fig. 3c).
Within 1 h after wounding, undamaged striated muscle
ells at the margin of the wound flattened and lost their
olarization as muscle feet were withdrawn into the soma
Fig. 3d). The neck, which connects the soma to the feet was
ost as the cells began to flatten. Ruffled lamellipodial
rojections formed at the margin of cells that faced the
ound (Fig. 3e). These lamellipodia-bearing cells then mi-
rated in concert across the vacant mesogleal surface to-
ard the wound center. The centripetally migrating cell
ront was followed by several rows of submarginal cells
hose lamellipodia were tucked under the row in front.
yofibrils lost their parallel alignment by shortening and
ondensing, eventually wrapping around the nucleus (Fig.
f). We were interested to know whether this condensed
yofibrillar material had retained its contractility in mi-
rating cells. We challenged the migrating cells with a
in jellyfish striated muscle cells. (a) Drawing of a striated muscle
et indicates their polarized morphology with a superficial layer of
idden. (c) Confocal image of undamaged muscle cells showing the
d phalloidin (green) and nuclei stained with propidium iodide (red).
image of cells at the migrating wound margin 1 h after wounding
en 1 h after wounding showing that muscle feet were retracted at
clei. (g) Drawing of an isolated migrating cell. (h and i) SEM and
howing the loose arrangement of actin filaments in the ruffled
ound the nucleus. (j) Drawing of a flattened, migrating cell. (k) SEM
fter wounding. (l) Migrating cells at the same stage as (k) showing
g and SEM and fluorescent images of cells just after wound closure
ickening, and reorganizing the muscle feet. (p and q) Drawing and
no longer elevated. (r) Fluorescent image at the same stage as (q)
etely realigned. All pairs of images are of different cells or cellocess
le she
ng h
gate
SEM
e tak
e nu
ng) s
ed ar
6 h a
rawin
p, th
ls are
omple bars are 10 m for all images.
s of reproduction in any form reserved.
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94 Lin, Grigoriev, and Spencerdepolarizing stimulus by addition of 100 mM KCl using a
patch-clamp electrode (see Materials and Methods). Such a
stimulus failed to elicit contractions from migrating cells
but did cause contractions of intact muscle cells.
Cells normally migrated as a continuous sheet, but occa-
sionally some cells at the migrating edge broke free, reveal-
ing their individual morphology, which resembled migrat-
ing keratocytes (Figs. 3g and 3h). These keratocyte-like cells
contained radially arranged actin spikes (Theriot and
Mitchison, 1991) at the lamellipodial margins in addition to
the condensed actin surrounding the nucleus (Fig. 3i). When
the migrating front converged in the center of the denuded
area, cell migration stopped, with the whole area becoming
covered by flattened cells, some 3 to 4 m thick (Figs. 3j and
k). At this stage there was maximal condensation of actin
nto bands around the nucleus (Fig. 3l). After migrating cells
et at the center of the wound, they began to repolarize
ith the somata elevating and separating from the muscle
eet which were simultaneously extending (Figs. 3m–3o).
inally, muscle feet became fully extended and the apical
egion of somata regained their squamous appearance, re-
urning the tissue to its undamaged state (Figs. 3p–3r). It
ook about 8 to 10 h for muscle cells to migrate and cover a
enuded mesogleal surface 1.2 mm in diameter and another
4 to 48 h for the migrating cells to repolarize and recover
ontractility.
Many similar changes in cellular morphology have been
een during reepithelialization in vertebrates, which also
nvolves cellular dedifferentiation, migration, and rediffer-
ntiation, though there is an additional process of prolifera-
ion (Stenn and DePalma, 1988). At the border of the
ound, cells are induced to migrate and express new
ntegrins (Cavani et al., 1993). Epithelial cells first retract
onofilaments and dissolve hemidesmosomes and desmo-
omes, which link them to basal lamina and each other,
espectively. At the same time, they lose their cuboidal,
olarized shape, flatten out, and form lamellipodia with
ctin filaments on the side facing the wound to provide the
otor apparatus for migration (Gabbiani et al., 1978).
Since gap junctions are involved in myoid conduction in
ndamaged muscle (Satterlie and Spencer, 1983), we exam-
ned if gap junctions were maintained in migrating muscle
heets. We explanted small muscle strips onto mesoglea
nd allowed cells to migrate outward for 6 to 8 h (Fig. 4a)
nd then injected Lucifer yellow into a single cell (arrowed
n Figs. 4a and 4b). Migrating muscle cells appeared to
aintain their gap junction connections as there was dye
oupling of neighboring cells (Fig. 4b). Transmission elec-
ron micrographs of migrating cells also revealed the pres-
nce of gap junctions (Fig. 4c), which suggested the involve-
ent of gap junctions in coordinating migration. Migration
s a sheet of cells has also been reported for reepithelializa-
ion in vertebrate wound healing (Stenn and DePalma,
988), and gap junctions are retained between migrating
pidermal keratinocytes and corneal keratocytes (Gabbiani
t al., 1978; Watsky, 1995a). It is believed that maintenance
Copyright © 2000 by Academic Press. All rightf gap junctions is required for synchronizing locomotion of
ndividual cells (Stenn and DePalma, 1988).
In most systems studied to date, wound healing involves
he participation of myofibroblasts, which are the contrac-
ile elements used to bring the wounded margins together
nd reduce wound size (Gabbiani, 1998). However, in this
ellyfish, migrating muscle cells themselves are capable of
xerting tonic traction forces during both migration and
epositioning of muscle feet. Figure 2 shows that the force
enerated by migrating muscle cells created strain marks in
ndamaged areas. These strain marks ran parallel to the
ong axis of the muscle feet. Due to the pliability of the
esoglea (Schmid et al., 1976), the tonic forces generated
uring lamellipodial locomotion could help to close the
ound by reducing the area that needs to be covered by
igrating cells.
In many vertebrate systems, wound closure is achieved
y both cell proliferation and the forces generated by
yofibroblasts (Gabbiani, 1998). However, in adult mam-
alian striated muscles (skeletal and cardiac) the majority
f cells are terminally differentiated and are irreversibly
ithdrawn from the cell cycle (Zak, 1974; Nadal-Ginard,
978), so they cannot undergo dedifferentiation, prolifera-
ion, and migration. Instead, several other cell types, in-
luding inflammatory cells, fibroblasts, and endothelial
ells, are responsible for migration, proliferation, differen-
iation, and matrix remodeling (Schaffer and Nanney, 1996;
itte and Barbul, 1997). In adult skeletal muscle, a small
ool of quiescent, undifferentiated myogenic stem cells, the
atellite cells, can proliferate, differentiate, and fuse into
ultinucleated myofibers to restore muscle function
Megeney et al., 1996; Schultz, 1996). In cardiac tissue no
uch undifferentiated stem cell population exists and ne-
rosis leads to a functional loss after healing (Weber et al.,
996b).
Although closure of the wound in jellyfish muscle ap-
eared to be achieved by muscle cell migration and me-
ogleal retraction, we needed to determine if cell prolifera-
ion was also involved. Bromodeoxyuridine has been used
o label mitotic cells in several cnidarians (Plickert and
roiher, 1988). During wound healing we treated whole
ellyfish with 1 mM BrdU for 72 h, and no labeling was seen
n the wounded muscle region of six treated jellyfish (Fig. 5).
n contrast, cell proliferation was detected at the bases of
entacles where no wound healing was occurring. This
uggested that, unlike vertebrates (Lawrence, 1998), mitosis
s not necessary for closure of small wounds; however, we
ave not examined whether cell proliferation is used to
over large wounds.
Initiation of migration and dedifferentiation by wounding
ight be a consequence of disruption of cell–cell junctional
roteins, since this is known to evoke a cascade of cellular
vents (Clark and Brugge, 1995; Schwartz et al., 1995). The
precise signal that induces cells to become migratory is not
known, although a change in the concentration of extracel-
lular calcium is known to be associated with the beginning
of migration during reepithelialization (Grzesiak and
s of reproduction in any form reserved.
tm
n
c
m
t
t
t
s
t
p
o
d
c
p
t
f
i
c
95Wound Healing and Cell Motility in Striated MusclePiershbacher, 1995). Cell migration requires sophisticated
regulation of the interaction between the cytoskeleton and
the extracellular matrix, which is mediated by integrin
receptors (Hynes, 1992; Huttenlocher et al., 1996). The
precise nature of integrins in cnidarians is unknown, nev-
ertheless an anti-human, 1-integrin antibody shows cross-
reactivity with neurons in the jellyfish Turritopsis nu-
FIG. 4. Migrating cells maintain gap junction. (a) Phase-contrast
image of a population of migrating cells in an explant in which
Lucifer yellow was iontophoresed into one cell (arrow). (b) Fluores-
cent image of the same region 5 min after iontophoresis showing
dye coupling to neighboring cells. (c) A TEM image of migrating
cells showing a section of gap junction (arrow). Scale bars, 10 m in
(b) and 200 nm in (c).ricula (Piraino et al., 1996). S
Copyright © 2000 by Academic Press. All rightTo determine whether transformation of contractile
uscle cells to a migratory phenotype required synthesis of
ew proteins, we treated whole jellyfish with 40 M
ycloheximide 4 h before inflicting the wound. Cyclohexi-
ide did not significantly affect the ability of muscle cells
o become migratory (Fig. 6e) nor the morphology of migra-
ory cells (Figs. 7a and 7b). These data suggest that pheno-
ype switching to a migratory state does not require the
ynthesis of new proteins. Transformation from contractile
o migratory cells uses existing structures in the cells and
resumably involves depolymerization and polymerization
f cytoskeletal elements. We regard this transformation as
edifferentiation. However, if jellyfish were treated with
ycloheximide (40 M) or actinomycin D (10 M, data not
shown) 6 h after the wound was inflicted, which was approx
4 h before wound closure, redifferentiation did not take
place. Migratory cells remained flat and muscle feet were
not reextended after treatment for 24 h with either of the
above drugs. Reorganization and alignment of sarcomeres
did take place in controls when these drugs were not added
(Figs. 7c and 7d). We did not use treatment times longer
than 24 h since tissues deteriorated after 36 h. When
cycloheximide (but not actinomycin D) was removed after
24 h treatment (approx 30 h after wounding) by washing in
running seawater, cells redifferentiated to a fully polarized
state, with realigned myofibers being seen some 72 h after
wounding (Figs. 7e and 7f). Together these data suggest that
redifferentiation does require protein synthesis. Since the
onset of migration in jellyfish striated muscle cells does not
require synthesis of new proteins it is likely that the
receptors used for extracellular matrix attachment in intact
muscle cells might also be used for cell migration.
Requirements for the Migratory Phase
The cytoskeleton plays a major role in cell migration, and
in most cases, cell migration depends on actin-based,
calcium-dependent, actin polymerization and depolymer-
ization events (Mitchison and Cramer, 1996). Therefore we
developed an assay for migration rate during wound healing
to evaluate whether locomotion in jellyfish migratory cells
used similar machinery. Wounds of 1.2 mm diameter were
made as for the previous section and the rate of wound
closure was measured by photographing the position of the
wound margin at 1-h intervals for up to 12 h after wounding
(Fig. 6). From the previous experiments it seemed likely
that cells were migrating across the wound using actin-
based machinery since we had visualized actin in the
lamellipodia using phalloidin labeling. Indeed, the actin-
depolymerizing agent dihydrocytochalasin B (5 g/ml) com-
letely inhibited cell migration within 1 h, and prolonged
reatment (3 h) caused muscle cells to round up and detach
rom the mesoglea (data not shown).
Since normal phasic contraction of jellyfish muscle dur-
ng swimming partially depends on influx of extracellular
alcium through voltage-gated calcium channels (Fig. 1 and
pencer and Satterlie, 1981; Spencer, 1982; Satterlie and
s of reproduction in any form reserved.
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96 Lin, Grigoriev, and SpencerSpencer, 1983), we examined the role played by calcium and
calcium channels in cell migration. Complete removal of
calcium from the extracellular medium using EGTA (10
mM) caused muscle cells to round up and detached from the
mesoglea (data not shown), indicating the involvement of
calcium in cell-to-cell and cell-to-extracellular matrix ad-
hesion. As shown previously (Fig. 1c), undamaged muscle
sheets in artificial seawater containing either a low concen-
tration of calcium ions (1 M free calcium) or the calcium
channel blocker nitrendipine did not contract when directly
stimulated. However, under either of these conditions, cells
were able to migrate and cover the wound area at the same
rate as under control conditions (Fig. 6e). Clearly,
dihydropyridine-sensitive, voltage-gated calcium channels
were not required for cell migration to proceed. However,
voltage-gated calcium channels are known to control cal-
cium influx which in turn regulates migration in many
cells, such as neurons (Komuro and Rakic, 1992, 1996;
Schindelholz and Reber, 2000).
To establish whether intracellular calcium stores are
required for cell migration we examined the effect of 10
mM caffeine; the migration rate slowed to 0.2 m/min,
ompared to 1.2 m/min in ASW (Fig. 6e). The dependence
f cell migration on intracellular stores of calcium was
onfirmed in a separate series of experiments by addition of
0 M thapsigargin, a calcium ATPase inhibitor, which
empties calcium stores (Shmigol, 1995). Thapsigargin sig-
nificantly reduced migration speed from 1.03  0.09 to
0.46  0.08 m/min (mean  SE, n  12, P  0.05, paired
t test). This experiment also controlled for possible nonspe-
cific effects of caffeine (Butcher and Sutherland, 1962). Thus
it is apparent that migration of dedifferentiated muscle cells
in jellyfish is dependent on modulation of the intracellular
calcium concentrations in various cytoplasmic compart-
ments. In migrating leukocytes it has been suggested that
the highest calcium concentrations lead to depolymeriza-
tion of actin filaments in the rear portion of a cell, whereas
a low calcium concentration at the front would favor the
polymerization of actin (Stossel, 1993).
Another cytoskeleton component known to be important
in regulating cell shape is microtubules. However, the
importance of microtubules in cell migration seems to be
cell-type specific. Mammalian endothelial cells require
microtubules for cell migration, whereas fish keratocytes
do not (Schliwa and Honer, 1993).
Migration does not appear to require protein synthesis
since treatment with 40 M cycloheximide 4 h before
wounding did not affect the migration rate (Fig. 6e).
Electrophysiology and Contractility during Wound
Healing
Experiments in the previous sections had suggested that
migratory cells switched to an intracellular source of cal-
cium for regulating locomotion, so it seemed probable that
voltage-gated currents, particularly inward calcium cur-
rents, might be down-regulated in migrating cells. We
Copyright © 2000 by Academic Press. All righteasured this directly using whole-cell, patch-clamp re-
ordings to compare the density of voltage-gated ion chan-
els between contractile and migrating cells. Figure 8a
hows that dissociated, contractile muscle cells possessed
oth outward potassium currents (A-type and delayed rec-
ifier) and inward currents, whereas only the delayed recti-
er current, albeit at a reduced amplitude, was present in
igrating cells from explants (Fig. 8b). The predominant
nward current in intact striated myocytes is carried by
alcium ions, and channels passing this current resemble
-type vertebrate channels as they are activated at low
oltages (Lin and Spencer, in preparation). Therefore, it
ppears that the dedifferentiation of contractile muscle
ells into migrating cells is accompanied by a down-
egulation of voltage-gated ion channels, especially those
esponsible for inward currents, and this can explain the
nsensitivity of migrating cells to nitrendipine, which do
ot require an external source of calcium. The considerable
hickness of the mesoglea prevented us from directly moni-
oring changes in the population of voltage-gated ion chan-
els during the wound-healing process. Nevertheless, we
ere able to use contractility of muscle cells, in response to
potassium depolarization stimulus, as an indirect way to
onitor the presence of a population of functionally com-
etent voltage-gated ion channels. Thus to examine
hether protein synthesis is required for restoration of
unctionality after wound healing, we monitored muscle
ontractility after treatment with cycloheximide and sub-
equent recovery. As corroborative evidence we were able
o follow morphological markers of redifferentiation such
s realignment of the myofibrillar apparatus. As described
reviously, jellyfish that had been allowed to recover for
2 h from cycloheximide treatment had reextended myofi-
ers (Figs. 7e and 7f). We stimulated the healed area in these
ellyfish by local addition of 100 mM KCl and found that
his muscle was able to contract as did muscle from
ellyfish that had been wounded 30 h previously, but not
reated with cycloheximide (Fig. 7g). However, animals
reated with cycloheximide that was not removed failed to
ontract when challenged by potassium-induced depolar-
zation 30 h after wounding (Fig. 7g). Thus both morpho-
ogical redifferentiation and excitability after wounding
equire protein synthesis. However, whether the reappear-
nce of voltage-gated ion channels was prior to or after the
ealignment of sarcomeres remains unclear. Nor do these
xperiments determine whether the reappearance of ion
hannels in the cell membrane represented de novo synthe-
is of channels. The phenomenon of ion channel loss during
igration has been described for corneal keratocytes, which
lso have an ectodermal origin (Watsky, 1995b).
CONCLUSIONS
The ability of striated muscle cells to behave like epithe-
lial cells during the wound-healing process is probably
related to their ectodermal origin, which is apparent during
s of reproduction in any form reserved.
97Wound Healing and Cell Motility in Striated MuscleFIG. 5. Wound healing without cell proliferation. (a) The wounded area in the muscle sheet of the subumbrella does not show any BrdU
labeling 72 h after wounding. (b) In contrast the subtentacular region on the subumbrellar surface of the same jellyfish did show some cells
labeled by BrdU antibodies. Red, propidium iodide; green, anti-BrdU. Scale bar, 5 m.FIG. 6. Effects of various pharmacological agents on rate of cell migration. (a–d) Time-lapse, phase-contrast images of cell migration in
normal artificial seawater during the wound-healing process to show the method for measuring migration rate. Jellyfish were dissected and
pinned down with cactus spines which also served as reference points for distance measurement. Arrows indicate the migrating front. (e)
The effects of various pharmacological agents on cell migration. The rate of cell migration was estimated from the advance of the wound
margin at measured time intervals. Note that 0.2% DMSO served as a carrier control for nitrendipine. Significant difference is indicated
by the asterisk (ANOVA test followed by PLSD test, P  0.05). N  9 for each treatment group.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
steps from 70 to 90 mV from a holding potential of 80 mV.
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98 Lin, Grigoriev, and SpencerFIG. 7. Effects of cycloheximide on arrangement of myofibers and
muscle contractility during wound healing. Confocal images (a) to
(f) are stained by BODIPY-conjugated phalloidin to show the
arrangement of myofibers. (a) Migrating cells between the intact
area and the migrating front 6 h after wounding in artificial
seawater. (b) As for (a) except the jellyfish was treated with 40 M
cycloheximide 4 h before wounding. Note that there is no differ-
ence in the arrangement of myofibers between the control and the
cycloheximide-treated muscle cells. The upper two bars in (g) show
that a challenge with 100 mM KCl at 6 h after wounding did not
produce any contraction in either control or cycloheximide-treated p
Copyright © 2000 by Academic Press. All rightFIG. 8. Whole-cell currents recorded from normal muscle cells
and migrating cells. (a) Whole-cell, voltage clamp recording from
undamaged contractile muscle cells (averaged current traces from
15 cells) using bath and electrode solutions that support both
inward and outward currents. (b) Similar recording from migrating
cells (averaged current traces from 5 cells). The amplitudes of both
inward and outward currents are significantly reduced in migrating
cells compared with normal muscle cells, indicating that there is a
down-regulation of ion channels prior to or during migration.
Stimulus protocol was 20-ms test pulses incrementing in 10-mVwounds. (c) Center of wounded area 30 h after wounding in
seawater showing that muscle cells reextended and began to realign
myofibers. (d) As for (c) except that the jellyfish was treated with 40
M cycloheximide between 6 and 30 h after wounding. Note that
yofibers were still wrapped around nuclei and cells remained flat,
eaving large spaces between myofibers (as in Fig. 3i). The middle
wo bars in (g) show that a challenge with 100 mM KCl at 30 h after
ounding produced contractions in 5 of 9 preparations in the
ontrol and contractions in 0 of 9 cycloheximide-treated prepara-
ions. (e) Center of a wounded area 72 h after wounding in seawater
howing realigned myofibers. (f) As for (e) except that the jellyfish
as treated with 40 M cycloheximide between 6 and 30 h after
ounding and then allowed to recover in flowing seawater for a
urther 42 h. Note that there was no significant difference in the
egree of alignment of myofibers between control and treated cells.
he bottom two bars in (g) show that a challenge with 100 mM KCl
t 72 h after wounding produced contractions in 9 of 9 preparations
n the control and contractions in 8 of 9 cycloheximide-treated
reparations which were allowed to recover. Scale bar, 50 m. (g)
iagram to show the protocol for the experiments on the effects of
ycloheximide on myofibrillar arrangement (differentiation) and
ontractility. Each bar shows the solution and duration of applica-
ion. Jellyfish were wounded at time 0 h and the experiments
ommenced 4 h before this. Muscle cells at the migrating front (or
enter of wound after closure) were challenged with 100 mM KCl
t 6, 30, or 72 h. The italicized alphabet label at the left of each bar
ndicates the corresponded phalloidin–BODIPY staining images
bove. The numbers at the right extremity of each bar show the
atio of preparations that showed a contraction in response to
otassium depolarization to the number tested.
s of reproduction in any form reserved.
99Wound Healing and Cell Motility in Striated Musclebudding from the polyp stage (Hyman, 1940; Spencer, 1974,
1975). This contrasts with triploblasts in which striated
muscles have a mesodermal origin. Striated muscle cells
appear only in the medusa stage of cnidarians, and under
certain primary culture conditions these striated muscle
cells can lose their striated pattern to become smooth
(Schmid and Reber-Muller, 1995). Thus, jellyfish striated
muscle cells can be regarded as a highly differentiated
ectodermal epithelium. Molecular cloning experiments in
the jellyfish Podocoryne carnea indicate that specific genes
are activated during the development of medusae
(Schuchert et al., 1993; Aerne et al., 1995) and presumably
some of these are concerned with formation of the striated
muscles used for swimming. The action potentials recorded
from these differentiated muscle cells are reminiscent of
those recorded from vertebrate cardiac muscle in that they
have a long plateau phase of up to 170 ms duration (Spencer
and Satterlie, 1981). This action potential shape differs
markedly from that of adjacent, simple, noncontractile,
epithelial cells in the same monolayer (Spencer, 1978),
where the plateau is lacking and the spike shape is very
simple. Therefore we presume that the functional disap-
pearance of the specific ion channels responsible for this
characteristically square action potential, after wounding,
represents a dedifferentiation event that may reflect an
earlier developmental state of this tissue.
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